propose to formally classify Bordetella genogroups 3, 14 and 15 as Bordetella bronchialis sp. nov. (type strain LMG 28640 T 5AU3182 T 5CCUG 56828 T ), Bordetella sputigena sp. nov. (type strain LMG 28641 T 5CCUG 56478 T ) and Bordetella flabilis sp. nov. (type strain LMG 28642 T 5AU10664 T 5CCUG 56827 T ). In addition, we propose to reclassify Achromobacter sediminum into the novel genus Verticia, as Verticia sediminum, gen. nov., comb. nov., on the basis of its unique phylogenetic position, its marine origin and its distinctive phenotypic, fatty acid and polar lipid profile.
In the frame of a long-term study of the bacterial diversity in respiratory samples of cystic fibrosis (CF) patients, we recently reported a high number of novel taxa belonging to or closely related to members of the genera Bordetella and Achromobacter (Spilker et al., 2012 (Spilker et al., , 2014 . The present study addresses the taxonomy of strains reported earlier as Bordetella genogroups 3, 14 and 15 (Spilker et al., 2014) . These genogroups were delineated by means of sequence analysis of nrdA gene fragments (http://pubmlst.org/achro-mobacter).
Bordetella genogroup 3 isolates, represented in the present study by strains LMG 28640 T and AU7049 (isolated in 2001 and 2004, respectively) were obtained from respiratory samples of CF patients in the USA between 2001 and 2009. Their taxonomic distinctness was supported by a k parameter value of 134.86. The latter value is the ratio of the mean intergroup sequence divergence to the mean intra-group sequence divergence and a value greater than 2 indicates that a group is distinct from its closest neighbour (Palys et al., 1997) . Two additional strains occupied very unique positions in the nrdA sequence tree, but the avail-ability of a single strain only in each lineage precluded k parameter analysis. A first strain, LMG 28641 T was isolated from a CF sputum sample of a Swedish patient in 2008 and was provisionally classified as Bordetella genogroup 14; a second strain, LMG 28642 T , was isolated from a sputum sample of a CF patient from the USA in 2006 and was provi-sionally classified as Bordetella genogroup 15.
Strains LMG 28640 T , AU7049, LMG 28641 T and LMG 28642 T and reference strains of other species of the family Alcaligen-aceae were grown aerobically on trypticase soy agar (TSA; Oxoid) at 28 8C unless otherwise indicated. The 16S rRNA gene sequences of LMG 28640 T (EU082135), AU7049 (EU082148), LMG 28641 T (KF601914) and LMG 28642 T (EU082162) were available from our previous study (Spilker et al., 2014) . EzTaxon-e (Kim et al., 2012) was used to identify the nearest neighbour taxa with validly published names. For each of the four strains, Bordetella hinzii was the nearest neighbour taxon [98.55, 98.38, 98.55 and 98 .84 % sequence similarity towards the B. hinzii LMG 13501 T type strain sequence (AF177667), respectively]. However, members of the family Alcaligenaceae, to which the genera Bordetella and Achromobacter belong, all share high levels of 16S rRNA gene sequence similarity, and the similarity levels towards type strain sequences of species of the genera Achromobacter, Pigmentiphaga and Candidimonas were all in the range of about 98.5 to 97.0 % similarity (data not shown). The 16S rRNA gene sequences (1318-1613 bp) of strains LMG 28640 T , AU7049, LMG 28641 T and LMG 28642 T and representatives of the family Alcaligenaceae were aligned against the SILVA SSU reference database using SINA v1.2.11 (http://www.arb-silva.de/aligner/) (Pruesse et al., 2012) . Phylogenetic analysis was conducted using MEGA6 (Tamura et al., 2013) . All positions with less than 95 % site coverage were eliminated, resulting in a total of 1336 positions in the final dataset. Phylogenetic trees were reconstructed using the neighbour-joining, maximum-parsimony and maxi-mum-likelihood methods, and the robustness of tree topolo-gies were estimated by bootstrap analysis (1000 replicates) (Felsenstein, 1985) . The neighbour-joining ( Fig. 1) and maximum-likelihood trees revealed a similar topology, which differed from that of the maximum-parsimony tree (Fig. 2) . In all tree topologies, strains LMG 28640 T , AU7049, LMG 28641 T and LMG 28642 T formed a single line of descent within the family Alcaligenaceae which grouped with species of the genus Bordetella in the neighbour-joining and maxi-mum-likelihood trees; the grouping of this cluster with other species of the genus Bordetella was, however, not sup-ported by a high bootstrap value. In the maximum-parsi-mony tree, the genus Kerstersia clustered in between the species of the genera Bordetella and Achromobacter, and the lineage comprising strains LMG 28640 T , AU7049, LMG 28641 T and LMG 28642 T represented a distinct line of descent branching off below the Bordetella-Achromobac-ter-Kerstersia branch. In each of the analyses, the recently described species Achromobacter sediminum occupied a very unique phylogenetic position and the genera Pigmen-tiphaga, Candidimonas and others were branching off at deeper taxonomic levels ( Figs. 1 and 2 ).
DNA-DNA hybridization experiments were performed between strains LMG 28640 T , LMG 28641 T and LMG 28642 T and B. hinzii LMG 13501 T . High-molecular mass DNA was prepared as described by Pitcher et al. (1989) , and DNA-DNA hybridization was performed with photo-biotin-labelled probes in microplate wells as described by Ezaki et al. (1989) using an HTS7000 Bio Assay Reader (Perkin-Elmer) for the fluorescence measurements. (Table S1 , available in the online Supplementary Material). These data demonstrate that strains LMG 28640 T , LMG 28641 T and LMG 28642 T represent a single genomospecies each, confirming their distinct positions in the nrdA tree (Spilker et al., 2014) .
The DNA base ratio of strains LMG 28640 T , LMG 28641 T and LMG 28642 T was determined as described by Mesbah & Whitman (1989) . DNA was degraded enzymically into nucleosides. The nucleoside mixture obtained was then separated by HPLC using a Waters Symmetry Shield C8 column thermostat at 37 8C. The solvent was 0.02 M NH4H2PO4 (pH 4.0) with 1.5 % acetonitrile. Non-methylated Lambda phage (Sigma) was used as the calibration reference. The DNA G+C base ratio of these strains proved very similar (67.5, 65.9 and 65.9 mol%, respectively). These values were in the range of the high percentage DNA G+C content of genera of the family Alcaligenaceae and are consistent with the DNA base ratios of the neighbouring genera Achromobacter and Bordetella.
For the analysis of respiratory quinone and polar lipid contents, cells of strains LMG 28640 T , LMG 28641 T and LMG 28642 T , B. hinzii LMG 13501 T , Achromobacter xylosoxidans LMG 1863 T and Pigmentiphaga kullae LMG 21665 T were cultivated, harvested, freeze-dried and extracted according to the method of Tindall (1989) . The extracts were analysed for quinone and polar lipid contents as described by Vaz-Moreira et al. (2007) and Nunes et al. (1992) , respectively. All strains presented ubiquinone 8 as the respiratory qui-none, consistent with other members of the family Alcali-genaceae (Kämpfer et al., 2010; Kim et al., 2010) . The strains examined were characterized by a polar lipid pattern comprising phosphatidylethanolamine (PE), phosphatidyl-glycerol (PG), diphosphatidylglycerol (DPG) and an aminolipid (AL) migrating close to PE. A second AL, co-migrating with PG, was (Fig. 3 ). These polar lipid profiles, dominated by PE, PG and DPG, conformed to those of other members of the family Alcaligenaceae (Kämpfer et al., 2010; Kim et al., 2010) .
We also extracted and analysed the cellular fatty acid components of strains LMG 28640 T , AU7049, LMG 28641 T and LMG 28642 T and of B. hinzii LMG 13501 T , A. xylosoxidans LMG 1863 T and P. kullae LMG 21665 T as described previously (Vandamme et al., 1992) , and separated and identified the fatty acids using the Sherlock Microbial Identification System (version 3.1, MIDI). The cellular fatty acid profiles of all strains are shown in Table 1 .
Summed features 2 (iso-C 16 : 1 I or C14 : 0 3-OH, or both) and 3 (iso-C15 : 0 2-OH or C16 : 1v7c, or both) most likely correspond to C14 : 0 3-OH and C16 : 1v7c, respectively (Vandamme et al., 2013) . Overall, P. kullae LMG 21665 T had a most distinctive fatty acid profile, but all other strains had a similar fatty acid profile characterized by high percentages of C16 : 0 and cyclo-C17 : 0 (25-36 %) and summed feature 2 (11-16 %), and low to moderate percentages of C12 : 0 2-OH, C14 : 0, C14 : 0 2-OH, C18 : 0, C18 : 1v7c and summed feature 3 (1-10 %). The absence of C16 : 0 2-OH differentiated strains LMG 28640 T , AU7049, LMG 28641 T and LMG 28642 T from the other strains examined. xylosoxidans CCUG 56438 T and P. kullae CCUG 47266 T were determined as described previously (Vandamme et al., 1993) . API 20NE and API ZYM microtest systems were applied according to the recommendations of the manufacturer. There was overlap between several of these test systems, and, in most instances, the different methodologies yielded the same test results, with assimilation of adipate (performed in a traditional test format and as part of the API 20NE microtest system) as a notable exception. The reason for this discrepancy is likely the formulation difference between the different test procedures.
Characteristics shared by strains LMG 28640 T , AU7049, LMG 28641 T and LMG 28642 T were as follows. Cells were small, Gram-stain-negative, motile rods. Oxidase-and catalasepositive, showing an aerobic respiratory metabolism. Leucine arylamidase activity was present; growth was observed at 30 and 37 8C on blood agar; anaerobic growth occurred at 28 8C; growth was observed on Drigalsky agar, at 42 8C, and in the presence of 0.5 and 1.5 % NaCl; and assimilation of D-gluconate, citrate, D-lactate, and lactate plus methionine was positive. In addition, the following characteristics were uniformly absent: tolerance of penicillin (lO-Fg discs), growth in O/F medium with D-glucose, maltose, adonitol, Dfructose and D-xylose; fluorescence on King's B medium; growth in the presence of 10 % lactose, 4.5 or 6 % NaCl, and on acetamide; activity of amylase, ONPG b-galactosidase, DNase, urease, lysine decarboxylase, ornithine decarboxylase and arginine dihydrolase; nitrate reduction, nitrite reduction and denitrification; liquefaction of gelatin; hydrolysis of aesculin and Tween 80; indole production; production of acid or H2S in triple-sugar-iron agar; and assimilation of D-glucose, trehalose, L-arginine, DL-nor-leucine, L-arabinose, Dmannose, D-mannitol, N-acetylglu-cosamine, maltose, caprate and sucrose (all in classical test format). When examined by using the API 20NE microtest system, the following characteristics were uniformly absent: nitrate reduction; fermentation of glucose; activity of tryptophanase, arginine dihydrolase, urease and PNPG b-galactosidase; hydrolysis of aesculin; gelatin liquefaction; and assimilation of L-arabinose, D-mannose, D-mannitol, Nacetylglucosamine, maltose, caprate, L-malate and phenylacetate. Finally, when examined by using the API ZYM microtest system, the following characteristics were also uniformly absent: activity of C -lipase, C -lipase, valine arylamidase, cystine arylamidase, trypsin, chymotrypsin, a-galactosidase, b-galactosidase, b-glucuronidase, a-glucosidase, b-glucosidase,Nacetyl-b-glucosaminidase, a-mannosidase and a-fucosidase. Strain-and test-dependent characteristics and characteristics differentiating strains LMG 28640 T , AU7049, LMG 28641 T and LMG 28642 T from the type strains of B. hinzii, A. xylosoxidans and P. kullae are shown in Table 2 . In conclusion, in the present study we analysed phylogenetic, chemotaxonomic and phenotypic characteristics of four strains representing three genogroups based on nrdA gene sequence analysis (Spilker et al., 2014) . Comparative 16S rRNA gene sequence analysis revealed B. hinzii as the nearest neighbour species of all four strains, but also strains of species of the genera Achromobacter and Pigmentiphaga shared between 98.5 and 97.0 % of their 16S rRNA gene sequence as these genera are phylogenetically closely related. We performed several phylogenetic analyses using different cluster algorithms and different numbers of sequences included in the analysis to clarify the phylogenetic position of the four strains, which consistently formed a single coherent cluster supported by a high boot-strap value (Figs. 1 and 2) . In many of these analyses the four strains grouped with species of the genus Bordetella, although such a clustering result was typically supported by a low bootstrap value (e.g. Fig. 1) . In other analyses the four strains represented a distinct line of descent, branching off below the Bordetella-Achromobacter-Kerster-sia branch (e.g. Fig. 2) . These results suggested that the four strains were either best classified in the genus Bordetella (Fig.  1) or, alternatively, into a novel genus (Fig. 2) . We therefore determined several chemotaxonomic characteristics of the four strains and compared these with those of the B. hinzii and A. xylosoxidans type strains, which rep-resented the two nearest neighbour genera. The P. kullae type strain was included as a representative of a slightly more distinct genus as well. We did not include Bordetella pertussis, the type species of the genus Bordetella, as this species has growth and other phenotypic characteristics that are highly divergent from those of other species of the genus Bordetella. B. hinzii was chosen as a typical representative of this genus and because it is the nearest neigh-bour species as determined by 16S rRNA gene sequence analysis. A. xylosoxidans is the type species of the genus Achromobacter and was included in the study as it is a typical representative of this genus. Neither respiratory quinone nor polar lipid nor fatty acid profile revealed major differences between the four strains and the B. hinzii and xylosoxidans type strains. Indeed, they were all characterized by the same major components, although a single minor fatty acid differentiated the four strains from the hinzii and A. xylosoxidans type strains (Table 1 ). In addition, although strain LMG 28642 T differed from the others in several polar lipids (Fig. 3) , the remaining polar lipid components of the four strains and B. hinzii were indistinguishable. Together, these data suggested that the four strains are best classified into the genus Bordetella. The data presented (Tables 1, S1 and 2, Fig. 3) , along with the nrdA sequence data published earlier (Spilker et al., 2014) , demonstrated that these four strains represent three distinct species which can be differentiated by means of genotypic, chemotaxonomic and phenotypic characteristics. We therefore propose to formally classify the species represented by strains LMG 28640 T , LMG 28641 T and LMG 28642 T into the genus Bordetella as Bordetella bronchialis sp. nov., Bordetella sputigena sp. nov. and Bordetella flabilis sp. nov. In addition, all phylogenetic ana-lyses unequivocally demonstrated that A. sediminum was generically misclassified (Figs. 1 and 2 ). Although this organism had distinctive phenotypic, fatty acid and polar lipid profiles, and a marine origin, it was included in the genus Achromobacter because its nearest phylogenetic neighbour was Achromobacter ruhlandii; yet the genus Bordetella was not included as a reference taxon in the phylo-genetic analysis (Zhang et al., 2014) , which would have revealed the very salient and contradictory nomenclature proposed. We therefore also propose to reclassify sediminum into the novel genus Verticia, as Verticia sediminum gen. nov., comb. nov.
Description of Bordetella bronchialis sp. nov.
Bordetella bronchialis (bron.chi.a9lis, L. pl. n. bronchia the bronchial tubes; L. fem. suff. -alis suffix used with the sense of pertaining to; N.L. fem. adj. bronchialis pertaining to the bronchi, coming from the bronchi). Cells are Gram-stain-negative, small, motile bacilli (about 0.2 m wide and 1.2 m long) with rounded ends that occur as single units or in pairs. After 72 h of incubation on trypticase soy agar at 28 ºC, colonies are slightly convex, translucent and non-pigmented, with smooth mar-gins, and 0.5 to 1 mm in diameter. Biochemical characteristics include all shared characteristics listed above. In addition, strains do not show haemo-lysis on horse blood agar, do not grow on cetrimide agar, grow in the presence of 3.0 % NaCl, assimilate adipate weakly when analysed using the API 20NE microtest system but not when using a traditional biochemical test, do not assimilate L-malate or phenylacetate, and exhibit alkaline and acid phosphatase, and phosphoamidase activity but not C4-lipase activity. D-Glucose is assimilated weakly by strain LMG 28640 T when tested using the API 20NE microtest system only. Fatty acid components present in major amounts are C16 : 0, cyclo-C17 : 0 and summed feature 2 (iso-C16 : 1 I and/or C14 : 0 3-OH); C12 : 0 2-OH, C14 : 0, C14 : 0 2-OH, C18
: 0, C18 : 1v7c and summed feature 3 (C16 : 1v7c and/or iso-C15 : 0 2-OH) are present in low to moderate amounts. The major polar lipids are PE, PG, DPG, two unknown ALs and an APL. The major respiratory quinone is Q8.
The type strain is LMG 28640 T (5AU3182 T 5CCUG 56828 T ) and was isolated from the throat of a cystic fibrosis patient in the USA in 2001. The DNA G+C content of the type strain is 67.5 mol%. Additional strains have been isolated from respiratory specimens of several cystic fibrosis patients in the USA. (Spilker et al. 2014 ).
Description of Bordetella sputigena sp. nov. Bordetella sputigena (spu.ti.ge9na, L. n. sputum spit, sputum; Gr. v. gennaô produce, engender; N.L. fem. adj. sputigena sputum-producing). Cells are Gram-stain-negative, small, motile bacilli (about 0.2 m wide and 1.2 m long) with rounded ends that occur as single units or in pairs. After 72 h of incubation on trypticase soy agar at 28 ºC, colonies are slightly convex, translucent and non-pigmented, with smooth margins, and 0.5 to 1 mm in diameter. Biochemical characteristics include all shared characteristics listed above. In addition, B. sputigena shows weak haemolysis on horse blood agar, grows weakly on cetrimide agar, grows in the presence of 3.0 % NaCl, assimilates adipate both when analysed using the API 20NE microtest system as well as when using a traditional biochemical test, and assimilates both L-malate and phenylacetate when analysed using a traditional biochemical test, but not when tested using the API 20NE microtest system. D-Glucose is not assimilated. Exhibits C4-lipase and acid phosphatase (weakly) activity but no alkaline phosphatase or phosphoamidase activity. Fatty acid components present in major amounts are C16 : 0, cyclo-C17 : 0 and summed feature 2 (iso-C16 : 1 I and/or C14 : 0 3-OH); C12 : 0 2-OH, C14 : 0, C14 : 0 2-OH, C18 : 1v7c and summed feature 3 (C16 : 1v7c and/or iso-C15 : 0 2-OH) are present in low to moderate amounts. The major polar lipids are PE, PG, DPG, two unknown ALs and an APL. The major respiratory quinone is Q8.
The type strain is LMG 28641 T (5CCUG 56478 T ) and was isolated from sputum of a cystic fibrosis patient in Sweden in 2008. The DNA G+C content of the type strain is 65.9 mol%.
Description of Bordetella flabilis sp. nov. Bordetella flabilis (fla9bi.lis. L. fem. adj. flabilis airy, breath-like, referring to the source of isolation). Cells are Gram-stain-negative, small, motile bacilli (about 0.2 m wide and 1.2 m long) with rounded ends that occur as single units or in pairs. After 72 h of incubation on trypticase soy agar at 28 ºC, colonies are slightly convex, translucent and non-pigmented, with smooth margins, and 0.5 to 1 mm in diameter. Biochemical characteristics include all shared characteristics listed above. In addition, B. flabilis does not show haemolysis on horse blood agar, does not grow on cetrimide agar or in the presence of 3.0 % NaCl, assimilates adipate when analysed using a traditional biochemical test but not when using the API 20NE microtest system, does not assimilate L-malate, phenylacetate or D-glucose, and exhibits weak acid phosphatase activity, but no alkaline phosphatase, phosphoamidase or C4-lipase activity. Fatty acid components present in major amounts are C16 : 0, cyclo-C17 : 0 and summed feature 2 (iso-C16 : 1 I and/or C14 : 0 3-OH); C12 : 0 2-OH, C14 : 0, C14 : 0 2-OH, C18 : 0, C18 : 1v7c and summed feature 3 (C16 : 1v7c and/or iso-C15 : 0 2-OH) are present in low to moderate amounts. The major polar lipids are PE, PG, DPG, one unknown phospholipid and three unknown ALs. The major respiratory quinone is Q8.
The type strain is LMG 28642 T (5AU10664 T 5CCUG 56827 T ) and was isolated from sputum of a cystic fibrosis patient in the USA in 2006. The DNA G+C content of the type strain is 65.9 mol%.
Description of Verticia gen. nov. Verticia (Ver.ti9ci.a. L. n. vertex whirlpool, vortex; N.L. fem. n. Verticia named after the South Pacific Gyre where the first isolate of this genus was isolated). Members of this genus are Gram-stain-negative, faculta-tively anaerobic, motile rods. The dominant fatty acids are C16 : 0 and C17 : 0 cyclo. The major polar lipids are PE, phosphatidylmonomethylethanolamine, DPG, three unknown phospholipids and four unknown polar lipids. The DNA G+C content is approximately 66.5 mol%. The single known strain was isolated from deep-sea sediment of the South Pacific Gyre. The type species is Verticia sediminum.
Description of Verticia sediminum comb. nov.
Verticia sediminum (se.di9mi.num. L. gen. pl. n. sediminum of sediments, pertaining to source of isolation). Basonym: Achromobacter sediminum Zhang et al. 2014 . The description for the species remains as given by Zhang et al. (2014) .
The type strain is XH089 T (5DSM 27279 T 5JCM 19223 T ). Fig. 1 . Phylogenetic tree based on partial 16S rRNA gene sequences of representatives of the family Alcaligenaceae. The optimal tree was reconstructed using the neighbour-joining method (Saitou & Nei, 1987) and maximum composite likelihood model (Tamura et al., 2013) . The percentages of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches if greater than 50 %. Bar, number of base substitutions per site. Fig. 2 . Phylogenetic tree based on partial 16S rRNA gene sequences of representatives of the family Alcaligenaceae. The most parsimonious tree was reconstructed using the maximumparsimony method and subtree-pruning-regrafting (SPR) algorithm. The percentages of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches if greater than 50 %. Bar, number of changes over the whole sequence Table 1 . Fatty acid composition of all strains examined Strains: 1, Bordetella bronchialis sp. nov. LMG 28640 T ; 2, Bordetella bronchialis sp. nov. AU7049; 3, Bordetella sputigena sp. nov. LMG 28641 T ; 4, Bordetella flabilis sp. nov. LMG 28642 T ; 5, B. hinzii LMG 13501 T ; 6, A. xylosoxidans LMG 1863 T ; 7, P. kullae LMG 21665 T . Those fatty acids for which the average amount for all taxa was less than 1 % are not included. Therefore, the percentages may not add up to 100 %. T, Trace amount (less than 1 %); ND, not detected. 
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